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Abstract: This paper examines the accuracy of equations specified by the North American and Australasian steel structures codes for deter-
mining the net section tension capacity of a channel brace. It points out that there are three distinct factors affecting the net section efficiency of
a cold-formed steel channel brace bolted at the web. These factors include (1) the in-plane shear lag associated with stress concentration around
a bolt hole that is also present in flat sheets, (2) the out-of-plane shear lag that is also present in an I-section bolted at the flanges only, and (3) the
bending moment arising from the connection eccentricity with respect to the neutral axis. Each of the relevant factors is explicitly incorporated
into the equation proposed in this paper for determining the net section tension capacity of a cold-formed steel channel brace bolted at the web.
The proposed equation is demonstrated through laboratory tests on low-ductility channel braces having practical aspect ratios that were bolted
onto flexible plates, to be more reliable than the code equations and those existing in the literature. DOI: 10.1061/(ASCE)ST.1943-
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Introduction
The net section tension capacity of a bolted connection in cold-
formed steel channel brace is specified in Supplement No. 2 to the
North American Specification for the Design of Cold-formed Steel
Structural Members 2007 [American Iron and Steel Institute (AISI)
2010] and in the Australasian code AS/NZS 4600:2005 [Standards
Australia/Standards New Zealand (SA/SNZ) 2005]. For a channel
brace that is bolted at the web only, the two code equations have
different forms.
The design equation specified in the current North American code
(AISI 2010) was recommended by LaBoube and Yu (1996) based on
their laboratory test results, and is in a similar basic form to the equation
proposed byChesson (1959) to account for shear lag in a steel member
where not all of its cross-sectional elements are bolted to the joining
member. The original equation (Chesson 1959) is still being used
without modification in the current AISC specification for structural
steel buildings [American Institute of Steel Construction (AISC)
2010]. The shear lag factors (termed the “net section efficiency factor”
in the present work for reasons explained later) in both the original
equation and the modified version (AISI 2010) are functions of the
connection eccentricity and the connection length only.
Maiola et al. (2002) and Pan (2004) found the design equation
specified in the North American cold-formed steel code to be
unconservative when verified against their laboratory test results.
The latter proposed an equation that is a function of the connection
eccentricity, the connection length, the web depth, and the flange
width (Pan 2004).
The design equation specified in the Australasian code (SA/SNZ
2005), on the other hand, makes use of neither the geometric
properties nor the connection length of the section. For channel
sections, the net section efficiency factor is a constant depending on
whether the connection is single or back-to-back. The equation in
the Australasian cold-formed steel code has been adopted from the
Australian steel structures code AS 4100 [Standards Australia (SA)
1998]. Pan (2004) found the code equation to be unconservative.
This study aims to formulate a simple equation that is reliable in
predicting the net section tension capacity of practical bolted con-
nections in cold-formed steel channel braces having low material
ductility. For this purpose, laboratory tests on channel braces bolted
at the web only were conducted. The sections were made of G450
sheet steels by brake pressing. Care was taken to ensure that the
connecting elements of the test specimens had bending flexibility
that could be realistically encountered in actual constructions for
channel braces.
In formulating the design equation, account was taken of the
fact that the net section efficiency of a channel brace bolted at the
web is affected by three factors not explicitly recognized to be
distinct from each other in the literature. The first is the in-plane
shear lag associated with stress concentration around the bolt
holes, which also affects connections in flat sheets (Teh and Gilbert
2012). The second is the out-of-plane shear lag that occurs when
the channel is bolted at the web only, a phenomenon that is also
present in a bisymmetric I-section bolted at theflanges only (Munse
and Chesson 1963). The third is the bending moment arising from
the connection eccentricity with respect to the neutral axis (Epstein
and Aiuto 2002).
To to avoid confusion, the term “shear lag factor” used in the
AISC (2010) and AISI (2010) specifications is therefore replaced in
this work by the term “net section efficiency factor.”
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Equations for Net Section Tension Capacity
of a Channel Brace
Code Equations
Clause 3.2.2(2) of AS/NZS 4600:2005 (SA/SNZ 2005) specifies
the net section tension capacity of a bolted connection in a steel
member to be
Pp ¼ 0:85ktAnFu ð1Þ
inwhichAn 5 net area of section; and Fu 5material tensile strength
of member. The variable kt 5 net section efficiency factor, which
is equal to unity for a connection that ensures uniform stress dis-
tribution over the net section.
The clause is adopted from Clause 7.2 of AS 4100-1998 (SA
1998). As explained in the commentary to the clause (SA 1999), the
explicit coefficient of 0.85 embedded into Eq. (1) of the present
paper “is intended to account for sudden failure by local brittle
behavior at the net section.” The apparent reason for the sudden
brittle failure that is not accounted for using a lower capacity factor
(or resistance factor) is that a uniform capacity factor of 0.90 is
applied to the net-section fracture mode and the member-yielding
(over the gross section) mode. Therefore, the effective capacity
factor actually applied to the net-section-fracture mode is 0.765.
Because Table 3.2 of the Australasian code (SA/SNZ 2005)
specifies the value of kt for a channel brace bolted at the web to be
0.85 [not to be confused with the explicit coefficient of the same
value in Eq. (1)], for the purpose of the present work Eq. (1) is
replaced by
Pp ¼ ktAnFu ¼ 0:85AnFu ð2Þ
whichmeans that, according to theAustralasian code, the net section
efficiency factor for a channel brace bolted at the web is invariably
0.85.
Section E5.2 of Supplement No. 2 to the North American
Specification for the Design of Cold-formed Steel Structural Mem-
bers 2007 (AISI 2010) specifies the net section tension capacity of
a channel brace bolted at the web to be
Pp ¼ AnFu max

0:5, min

0:9, 12 0:36 x
L

ð3Þ
in which x 5 distance between the outer face of the web and the
neutral axis of the section (i.e., the connection eccentricity); and L5
connection length. These variables are defined in Fig. 1. The net
section efficiency factors given by Eq. (3) for channel braces bolted
at the web vary between 0.5 and 0.9.
Maiola et al. (2002) and Pan (2004) found Eq. (3) to be un-
conservative. The equation was proposed by LaBoube and Yu
(1996) based on their laboratory test results and the original equation
proposed by Chesson (1959) to account for shear lag in a steel
member in which not all of its cross-sectional elements are bolted to
the joining member. The original equation is still used in the current
AISC specification for structural steel buildings (AISC 2010) with
a lower bound shear lag factor equal to the ratio of the connected
width to the total width
Pp ¼ AnFumax

12 x
L
, Wc
Wc þ 2Wf

ð4Þ
in which Wc 5 web depth; and Wf 5 flange width, as defined in
Fig. 1.
Equations Presented in the Literature
Holcomb et al. (1995) proposed the following equation for channel
braces bolted at the web, based on nonlinear regression analysis of
laboratory test results for angle sections
Pp ¼ AnFu

2:39 t
Wc þ xþ 0:308

x
L
20:301
ð5Þ
in which t 5 section thickness. It can be seen that Eq. (5) involves
a power term.
Epstein andAiuto (2002) presented a procedure that accounts for
the interaction between the axial force and the bending moment
resulting from the eccentricity of the axial force from the neutral axis
of a tee section. However, Epstein and Aiuto (2002) stated that the
procedure is “too involved.”
Based on laboratory test results, Pan (2004) concluded that the
net section tension capacity of a channel brace bolted at the web was
mainly influenced by the ratio of the connection eccentricity to the
connection length and by the ratio of the flange width to the web
depth. Pan (2004) proposed the following empirical equation using
regression analysis
Pp ¼ AnFu

1:152 0:86 x
L
2 0:28Wf=Wc

ð6Þ
The definition of the connection eccentricity x given in Pan (2004) is
the same as that shown in Fig. 1. However, Chi-Ling Pan (personal
communication, August 1, 2011) has since advised the authors that
he actually adopted the definition given in the 1993 AISC Speci-
fication (AISC 1993), which had been revised in the subsequent
specification (AISC 1999), and the revised definition is shown in
Fig. 1. Kirkham andMiller (2000) stated that the 1993 definitionwas
revised because the available test data did not support the usage.
A robust empirical equation should provide plausible answers
when applied to known conditions, to prevent potential anomalies,
as illustrated by Teh and Gilbert (2012). If Eq. (6) is applied to a
channel section withWf approaching zero, i.e., it is becoming a flat
sheet, and therefore x also approaches zero, then the predicted
failure load given by Eq. (6) will approach
Pp ¼ 1:15AnFu ð7Þ
which implies a net section efficiency factor that is significantly
greater than unity.
Fig. 1. Geometric dimensions of a channel member bolted at the web
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Proposed Equation
Teh and Gilbert (2012) have shown that the net section tension ca-
pacity of bolted connections in flat steel sheet can be represented by
Pp ¼ AnFu
0
BB@0:9þ 0:1
Pnb
1
di
W
1
CCA ð8Þ
in which di 5 diameter of bolt; nb 5 number of bolts in the con-
sidered cross-section; and W 5 width of the sheet perpendicular to
the tension force.
The minimum bolt spacing specified in the Australasian standard
(SA/SNZ 2005) and in Appendix A of the North American speci-
fication (AISI 2007) is three times the bolt diameter. If this re-
quirement is met, then the largest in-plane shear lag factor given by
Eq. (8) in practice is 0.933, and the absolute minimum is 0.9, as the
ratio of the (sum of the) bolt diameter to the sheet width approaches
zero.
Based on Eq. (8) and the conclusion of Pan (2004) that the net
section tension capacity of a channel brace bolted at the web was
mainly influenced by the ratio of the connection eccentricity to the
connection length and by the ratio of the flange width to the web
depth, which should be treated as independent variables, the fol-
lowing equation is proposed to predict the net section tension ca-
pacity of a channel brace bolted at the web
Pp ¼ AnFu
0
BB@ 1
1:1þ Wf
Wc þ 2Wf þ
x
L
1
CCA ð9Þ
As the flange widthWf and the connection eccentricity x approach
zero, i.e., the section approaches a flat sheet, the efficiency factor
embedded in Eq. (9) approaches 0.91, which is a reasonable, if
conservative, approximation for bolted connections in cold-reduced
steel sheet, as evident from Eq. (8). This result is also consistent with
the upper-bound value of 0.9 specified in Eq. (3).
The constant of 1.1 in the denominator of Eq. (9) therefore
accounts for the in-plane shear lag effect present in the steel sheet
(Teh and Gilbert 2012), and the term Wf =ðWc 1 2Wf Þ may be
considered to account for the out-of-plane shear lag effect of
a channel brace bolted at the web only. While the term x=L is
commonly referred to as a shear lag factor variable in the literature,
following the terminology of Munse and Chesson (1963), it is more
correctly considered to account for the detrimental bending moment
effect resulting from the connection eccentricity x and for the coun-
teracting bending moment effect that increases with the connection
length L. The effects of x and L on the longitudinal normal stresses in
the web are illustrated in Fig. 2.
It should be noted that the term x=L was intended by Munse and
Chesson (1963) to account for the out-of-plane shear lag effect,
which is also present in a bisymmetric I-section connected at the
flanges only, not for the bending moment effects, as is used in the
present work.
Test Materials
The G450 sheet steel materials (trade name GALVASPAN) used in
the laboratory tests were manufactured and supplied by Bluescope
Steel Port Kembla Steelworks, Australia. Two nominal thicknesses
were used, 1.5 and 3.0 mm. Table 1 shows the average base metal
thicknesses, tbase; yield stresses, Fy; tensile strengths, Fu; elonga-
tions at fractures over 15-, 25-, and 50-mm gauge lengths,
ɛ15, ɛ25, and ɛ50, respectively; and uniform elongation outside the
fracture, ɛuo, of the steel materials, as obtained from six 12.5-
mm-wide tension coupons. Tensile loadings of all coupons and
bolted connection specimens are in the direction perpendicular to the
rolling direction of the G450 sheet steel. The tension coupon tests
were conducted at a constant stroke rate of 1 mm/min resulting in
a strain rate of ∼23 1024=s prior to necking.
The tensile strengths in the direction perpendicular to the rolling
direction of 1.5- and 3.0-mm G450 sheet steels obtained in the
present work, rounded to the nearest 5 MPa, are 6 and 10% higher
than those obtained by Teh and Hancock (2005) in the rolling di-
rection. Whereas Teh and Hancock (2005) did not provide the
elongations at fracture, it is believed that the rolling direction is
associated with higher ductility. In any case, the G450 sheet steels
used in the present work represent the grades of steel covered byAS/
NZS 4600 (SA/SNZ 2005), which are among those having the lowest
ductility and for which the nominal tensile strength and yield stress
maybe fully utilized in structural design calculations (Hancock 2007).
Therefore, the use of the present materials represents a stringent
verification of the design equations.
Specimen Configurations and Test Arrangements
The present test specimens were dimensioned to represent the ratios
of flange width to web depth of channel braces encountered in the
cold-formed steel construction industry. Such ratios typically range
from 0.25 to 0.5. The test specimens comprise channel sections
having web depths of 80, 100, and 120 mm, with flange widths
ranging from 20 to 50 mm.
Channel braces bolted at the web that have a single row of bolts
only tend to fail in either block shear or bearing, as shown in Fig. 3.
The 3-mm thick specimen failing in block shear shown in Fig. 3(a)
had a web depth of 100 mm with a flange width of only 20 mm (an
aspect ratio of 0.2), and a bolt-hole edge distance of 50 mm. The
Fig. 2.Moment effects: (a) detrimental bendingmoment resulting from
connection eccentricity; (b) counteracting moment from bolt reaction
Table 1. Average Material Properties
Nominal
thickness
tbase
(mm)
Fy
(MPa)
Fu
(MPa) Fu=Fy
ɛ15
(%)
ɛ25
(%)
ɛ50
(%)
ɛuo
(%)
1.5 mm 1.48 605 630 1.04 21.3 18.0 12.0 6.8
3.0 mm 2.95 530 580 1.09 29.3 22.0 15.3 8.1
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block shear failure mode is characterized by the arching of the
section between the two bolt holes (Teh and Clements 2012), and
should not be confused with net section fracture. The 1.5-mm-thick
specimen failing in bearing shown in Fig. 3(b) had the sameweb and
flange dimensions as the 3.0-mm specimens, but the edge distance of
the bolt hole was 60 mm, to prevent block shear failure. The bolt-
hole diameter in both cases was 17 mm, to accommodate 16-mm
bolts. Channel sectionswith a single bolt tend to fail in either bearing
or shear-out (Holcomb et al. 1995; Maiola et al. 2002). Therefore,
net section fracture does not have a practical significance for channel
braces with a single row of bolts or a single bolt.
All of the test specimens had two rows of bolts arranged in a
rectangular pattern, as depicted in Fig. 1. The bolt spacings were at
least three times the bolt diameter, as required by the codes (SA/SNZ
2005; AISI 2007). The specimens in which the connection length
was approximately six times the bolt diameter (i.e., 100 mm for the
specimenswith 16-mmbolts and 80mm for thosewith 12-mmbolts)
can be considered to have three rows of bolts spaced at approxi-
mately three times the bolt diameter, as the counteracting bending
moment effect illustrated in Fig. 2 should be the same.
As pointed out by Epstein and Aiuto (2002) and Pan (2004), the
net section tension strength of a channel brace bolted at the web is
affected by the flexural stiffness of the connecting element. The
stiffer the connecting element, the greater the counteracting bending
moment and therefore the greater the net section tension strength. In
practice, channel braces are often bolted at the web to cleat plates as
thin as 6 mm. The present specimens were therefore connected to
6-mm plates that enabled them to bend, as shown in Fig. 4.
Each of the 3-mm-thick specimens had a total member length of
900 mm, except for three that had a total member length of 500 mm.
It will be seen that this variable did not have a noticeable effect on
the connection strength.
All of the 1.5-mm thick specimens had a total member length of
500 mm.
Lipped channel braces were not tested in this study because such
sections are normally used for members that are subject to com-
pression, in which case the member compression capacity is the
governing design criterion. For the purpose of determining the net
section tension capacity of such a member, the section can be con-
sidered to be a plain channel by ignoring the lips without affecting
the final design.
The bolted connection specimens were tested to failure using an
Instron 8033 universal testing machine (see Fig. 5) at a stroke rate
of 1 mm/min, which coincides with that used for the tension coupon
tests. In the vicinity of the ultimate load associated with net section
fracture, the elongation of either a bolted connection specimen or a
tension coupon is concentrated in the yielded and/or necked region.
Therefore, the stroke rate used in determining the ultimate test load,
Pt, of a bolted connection specimen ideally should not be greater
than that used in determining the material tensile strength, Fu, even
though the overall length of the former is many times greater. A
greater strain rate leads to a higher implied tensile strength (Kassar
and Yu 1992).
Experimental Test Results and Discussion
In calculating the net section tension capacity,Pp, of a specimen, the
measured values of the material properties and geometric dimen-
sions, such as base metal thickness, web depth, flange width, bolt-
hole diameter, and connection length were used. However, for
legibility, only the nominal values are shown in the following tables.
Table 2 lists the relevant geometric dimensions and the test results
of the 3.0-mm-thick specimens, which had a corner radius of 3 mm.
An empty cell in the table indicates that the data in the cell from the
previous row applies. The variable c denotes the actual net section
efficiency factor, defined as the ratio of ultimate test load to net
section tension capacity computed with the assumption of uniform
stress distribution.
Table 2 shows the ratios of the ultimate test load, Pt, to the net
section tension capacity, Pp, predicted by Eqs. (2)–(6) and (9). The
first three are code equations, the next two have been proposed in
the literature, and the last is the proposed equation. Eq. (6) is used
in conjunction with the original definition of the connection ec-
centricity, x, given by Pan (2004), which is the same as that used in
all the other equations, shown in Fig. 1.
All of the specimens failed in the net section fracture mode, as
illustrated in Fig. 6(a) for specimen CH4.
It can be seen from the results for specimens CH8–CH12_2 in
Table 2 that the distance between the two connected ends of amember
does not have any noticeable effect on the net section tension strength
of the connection. Specimens CH8_2, CH10_2, and CH12_2 had
a total member length of 500 mm, whereas the other specimens had
a totalmember length of 900mm.The absence of this variable in all of
the equations described in this paper is therefore justified.
Table 2 shows that Eqs. (2)–(4) and (6) significantly overestimate
the net section tension capacity of the present 3.0-mm specimens.
Fig. 3. Failure modes with only a single row of bolts: (a) block shear;
(b) bearing
Fig. 4. Flexible connecting element
JOURNAL OF STRUCTURAL ENGINEERING © ASCE / MAY 2013 / 743
J. Struct. Eng. 2013.139:740-747.
D
ow
nl
oa
de
d 
fr
om
 a
sc
el
ib
ra
ry
.o
rg
 b
y 
U
N
IV
E
R
SI
T
Y
 O
F 
W
O
L
L
O
N
G
O
N
G
 o
n 
04
/3
0/
13
. C
op
yr
ig
ht
 A
SC
E
. F
or
 p
er
so
na
l u
se
 o
nl
y;
 a
ll 
ri
gh
ts
 r
es
er
ve
d.
In contrast, Eqs. (5) and (9) predict the failure loads with reasonable
accuracy.
It is interesting to note that whereas Eqs. (5) and (9) are very
different in form from each other, their results for the 3.0-mm-thick
specimens are fairly close to each other. Eq. (5) was derived by
Holcomb et al. (1995), based on nonlinear regression analysis of
laboratory test results for angle sections. The Pt=Pp ratios given by
Eq. (5) range from0.94 to 1.19, whereas those given byEq. (9) range
from 0.96 to 1.13.
Eq. (5) consistently overestimates the beneficial effect of in-
creased connection lengths, as evident from the significant decrease
in Pt=Pp with increasing L for a given channel size. The actual effect
of increased connection length can be seen from the variation of the
test net section efficiency factor c with respect to the connection
length L for each channel size, as evident in Table 2.
Fig. 7 shows the variation of the test net section efficiency factor c
with respect to the flangewidthWf for the 3.0-mm specimens having
100-mm-deep webs, whereas Fig. 8 shows the variation of the same
with respect to the web depthWc for the 3.0-mm specimens having
40-mm-wide flanges. It can be seen from Figs. 7 and 8 that the net
section efficiency of a channel brace decreases with increasing
aspect ratios for a given web depth or flange width.
Table 3 lists the relevant geometric dimensions and the test
results of the 1.5-mm specimens, which had a corner radius of 2mm.
An empty cell in the table indicates that the data in the cell from
the previous row applies. The table shows the ratios of the ultimate
test load, Pt, to the net section tension capacity, Pp, predicted by
Eqs. (2)–(6) and (9).
All of the specimens failed in the net section fracture mode, as
illustrated in Fig. 6(b) for specimen CH7.
As with the 3.0-mm-thick specimens, Eqs. (2)–(4) and (6) sig-
nificantly overestimate the net section tension capacity of the
1.5-mm specimens.
For the 1.5-mm specimens, the proposed Eq. (9) is somewhat
unconservative, in contrast to Eq. (5). This is because of the lower
ductility of 1.5-mmG450 sheet steel in the direction transverse to the
rolling direction, as reflected in Table 1. The lower ductility of the
1.5-mmsheet steel is captured by the variable t inEq. (5).However, the
coefficient of variation of Eq. (9) is much smaller than that of Eq. (5).
Eq. (3), specified in the North American cold-formed steel
structures code (AISI 2010), gives a net section efficiency factor of
0.9 for all the tested specimens except for Specimen CH19. This
equation led to even more optimistic estimates than Eq. (4), which is
intended for hot-rolled steel connections, because of the coefficient
0.36.
If Eq. (1) in the present paper specified in the Australasian code
(SA/SNZ 2005) is used, thus assuming the explicit constant of 0.85
in Eq. (1) to be part of the efficiency factor, then the mean Pt=Pp for
the 3.0-mm specimens will be 0.98 with a coefficient of variation of
0.097 and that for the 1.5-mm specimens will be 0.91 with a co-
efficient of variation of 0.084.
Resistance Factor (or Capacity Reduction Factor)
The overall average ratio of the ultimate test loadPt to the net section
tension capacityPp predicted by Eq. (9) for the 29 specimens is 1.00,
with a standard deviation of 0.052. Therefore, it seems reasonable
to treat these specimens as one population for the purpose of de-
termining a uniform resistance factor to be applied to the proposed
equation.
Section F1.1 of the North American specification (AISI 2007)
specifies that the resistance factor f of a design equation is de-
termined as follows:
f ¼ CfðMmFmPmÞep ð10Þ
inwhichCf 5 calibration coefficient equal to 1.52 in the case of the
Load and Resistance Factor Design (LRFD); Mm 5 mean value of
the material factor, equal to 1.187 in the present case; Fm 5 mean
value of the fabrication factor equal to 0.99; and Pm 5 mean value
of the professional factor equal to 1.00, as stated in the previous
paragraph. The statistical parameters of the material and fabrication
factors of the (unwelded) 1.5- and 3.0-mm G450 sheet steels have
been previously provided by Teh and Hancock (2005).
The power p of the natural logarithmic base e in Eq. (10) is
p ¼ 2b0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2M þ V2F þ CpV2P þ V2Q
q
ð11Þ
inwhichVM 5 coefficient of variation of thematerial factor, equal to
0.03 in the present case; VF 5 coefficient of variation of the fab-
rication factor equal to 0.02; VP 5 coefficient of variation of the
professional factor equal to 0.065, the minimum value specified in
Section F1.1 of the specification; Cp 5 correction factor equal to
1.11, as computed from the relevant equation given in Section F1.1;
and VQ 5 coefficient of variation of load effects equal to 0.21, as
specified in Section F1.1.
Fig. 5. Tension test setup
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It was found that to achieve the target reliability index b0 of 3.5
in the LRFD, Eq. (10) yields a resistance factor of 0.82.
Therefore, a resistance factor f equal to 0.80 (rounded down to
the nearest 0.05) in conjunction with Eq. (9) is recommended for the
LRFD approach for determining the net section tension capacity of
a cold-formed steel channel brace bolted only at the web. This
value is higher than the current value of 0.65, specified in the North
American cold-formed steel code (AISI 2007), and the effective
capacity reduction factor of 0.765, being 0.85 times 0.90, specified
in theAustralasian code (SA/SNZ2005), reflects the greater reliability
of the proposed Eq. (9) compared with Eqs. (2) and (3).
The implications of using the nominal tensile strength of 480
MPa in conjunction with the corresponding resistance factors to
determine the design capacity, Pd , of the present specimens are
shown in Table 4. The resistance factors specified in the North
American and the Australasian cold-formed steel structures codes
led to safe designs of the tested specimens. Interestingly, the designs
Table 2. Results of 3.0-mm-Thick Specimens
Specimen dh (mm) Wc (mm) Wf (mm) x (mm) L (mm) An (mm
2) c
Pt=Pp
(2)a (3) (4) (5) (6) (9)
CH2 17 100 30 6.90 50 381 0.73 0.86 0.81 0.85 1.08 0.77 1.04
CH4 75 386 0.78 0.91 0.86 0.85 1.02 0.78 1.07
CH6 100 389 0.79 0.93 0.88 0.85 0.95 0.78 1.07
CH8 40 10.2 50 449 0.64 0.76 0.71 0.81 1.07 0.75 0.98
CH8_2 449 0.66 0.78 0.74 0.83 1.11 0.77 1.01
CH10 75 450 0.69 0.81 0.76 0.79 1.01 0.74 1.00
CH10_2 449 0.66 0.77 0.73 0.76 0.97 0.71 0.96
CH12 100 450 0.70 0.83 0.78 0.78 0.95 0.74 1.00
CH12_2 451 0.71 0.83 0.79 0.79 0.96 0.75 1.01
CH14 50 13.9 50 502 0.61 0.71 0.67 0.83 1.11 0.78 0.98
CH16 75 507 0.64 0.76 0.71 0.78 1.04 0.75 0.98
CH18 100 501 0.64 0.76 0.71 0.75 0.96 0.72 0.96
CH19 13 80 40 11.4 40 408 0.62 0.73 0.69 0.87 1.11 0.81 1.02
CH20 60 392 0.65 0.76 0.72 0.80 1.02 0.76 0.99
CH21 80 407 0.66 0.77 0.73 0.77 0.95 0.74 0.98
CH22 20 4.60 40 290 0.76 0.89 0.84 0.86 1.02 0.78 1.05
CH23 60 287 0.82 0.96 0.91 0.89 0.97 0.81 1.10
CH24 80 294 0.86 1.01 0.95 0.91 0.94 0.83 1.13
CH25 17 120 40 9.30 50 506 0.71 0.84 0.79 0.87 1.19 0.80 1.06
CH26 75 500 0.73 0.86 0.81 0.83 1.07 0.77 1.04
CH27 100 502 0.75 0.88 0.83 0.82 1.01 0.77 1.04
Mean 0.83 0.78 0.82 1.03 0.77 1.02
Coefficient of variation 0.097 0.096 0.054 0.066 0.039 0.045
aNumbers in parentheses 5 equation numbers.
Fig. 6. Net section fracture: (a) 3.0-mm specimen; (b) 1.5-mm
specimen
Fig. 7. Variation of net section efficiency factors with flange width
(Wc 5 100mm)
Fig. 8. Variation of net section efficiency factors with web depth
(Wf 5 40mm)
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for the less ductile 1.5-mm specimens were more conservative as
a result of their higher actual tensile strengths of 630MPa compared
with those for the 3.0-mm specimens, which had actual tensile
strengths of 580 MPa.
Conclusions
It has been shown that there are three distinct factors affecting the
net section efficiency of a cold-formed steel channel brace bolted at
the web only. These factors are (1) the in-plane shear lag associated
with stress concentration around a bolt hole that is also present in
flat sheets, (2) the out-of-plane shear lag phenomenon that is also
present in a bisymmetric I-section bolted at the flanges only, and (3)
the bending moment arising from the connection eccentricity with
respect to the neutral axis.
For the first time, each of the relevant factors is explicitly in-
corporated into the equation proposed in this paper for determining
the net section tension capacity of a cold-formed steel channel brace
bolted at the web only.
It has been shown through laboratory tests on low ductility
channel braces having practical aspect ratios that were bolted at the
web to flexible plates that the proposed equation is more reliable
than the equations prescribed in the AISC, AISI, and AS/NZS steel
structures codes. The equation proposed in this paper is also more
robust and more transparent than those existing in the literature,
which were derived through regression analysis of laboratory test
results for angle sections and channel sections with relatively rigid
connecting elements.
It is proposed that a resistance factor of 0.80 be applied to the
new equation to ensure a reliability index of not less than 3.5 in the
LRFD approach of the North American specification for the design
of cold-formed steel structures.
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Notation
The following symbols are used in this paper:
An 5 net area of considered section;
Cp 5 correction factor;
Cf 5 calibration coefficient;
c 5 test net section efficiency;
d 5 bolt diameter;
Fm 5 mean value of fabrication factor;
Fu 5 tensile strength of steel material;
Fy 5 yield stress of steel material;
kt 5 net section efficiency factor according to AS/
NZS 4600:2005;
L 5 connection length;
Mm 5 mean value of material factor;
Pm 5 mean value of professional factor;
Pp 5 predicted failure load;
t 5 nominal sheet thickness;
tbase 5 base metal thickness;
VF 5 coefficient of variation of fabrication factor;
VM 5 coefficient of variation of material factor;
VP 5 coefficient of variation of professional factor;
VQ 5 coefficient of variation of load effects;
Wc 5 web depth;
Wf 5 flange width;
x 5 connection eccentricity;
b0 5 target reliability index;
ɛ15 5 elongation at fracture over gauge length of 15
mm;
ɛ25 5 elongation at fracture over gauge length of 25
mm;
ɛ50 5 elongation at fracture over gauge length of 50
mm;
Table 3. Results of 1.5-mm-Thick Specimens
Specimen dh (mm) Wc (mm) Wf (mm) x (mm) L (mm) An (mm
2) c
Pt=Pp
(2) (3) (4) (5) (6) (9)
CH1 17 100 30 6.28 50 190 0.67 0.79 0.75 0.77 1.05 0.70 0.95
CH3 75 185 0.72 0.85 0.80 0.79 1.01 0.73 0.99
CH5 100 188 0.74 0.88 0.83 0.79 0.95 0.74 1.00
CH7 40 9.56 50 220 0.61 0.72 0.68 0.76 1.09 0.70 0.93
CH11 100 217 0.67 0.79 0.75 0.75 0.98 0.70 0.95
CH13 50 13.2 50 248 0.59 0.69 0.65 0.79 1.16 0.75 0.95
CH15 75 248 0.62 0.72 0.68 0.75 1.08 0.72 0.94
CH17 100 246 0.63 0.74 0.70 0.73 1.02 0.71 0.94
Mean 0.77 0.73 0.77 1.04 0.72 0.96
Coefficient of variation 0.084 0.084 0.033 0.064 0.024 0.028
Table 4. Implications of Resistance Factors and Nominal Tensile
Strengths
Nominal thickness
Pt=Pp
(1)a f5 0:90 (3) f5 0:65 (9) f5 0:80
1.5 mm 1.33 1.48 1.57
3.0 mm 1.31 1.46 1.54
aNumbers in parentheses = equation numbers.
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ɛuo 5 uniform elongation outside fracture zone; and
f 5 resistance factor (or capacity reduction
factor).
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